Lung cancer is the leading cause of cancer-related deaths worldwide with poor prognosis, mainly due to the delay in the diagnosis. Adenocarcinoma, a subtype of non-small cell lung cancer, has the highest incidence and significant recurrence rates. Experimental and clinical researches suggested that the presence of cancer stem cells could support the development, malignization and resistance of lung cancer. Unfortunately, our knowledge in the field is still limited.
Introduction
Lung cancer (LC) is the most common type of cancer. In 2012, LC was estimated to be responsible for nearly 1.8 million deaths worldwide, almost 13% of all cancers in total1,2, with an overall death rate that exceeded the numbers of breast, colorectum and pancreatic cancers combined3. More than half of the newly diagnosed LC patients die within one year from the diagnosis, and the overall 5-year survival is lower than 18%4. Together with Small Cell LC (SCLC), Non-Small Cell LC (NSCLC) is one of the two main types of LC and accounts for approximately 85% of the total.
Current knowledge in the field point to the existence of resident cell populations with stemlike properties as the origin of tumour recurrence and drug-resistance7, 8 . Similar to normal stem cells (SCs), cancer stem cells (CSCs) would retain self-renewing and multipotent capabilities and would be responsible for tumour development and maintenance9,10. Due to their quiescence, CSCs could also be resistant to drug treatments, that target proliferating cells, thus leading to an enrichment of cell populations that harbour the potential to generate more aggressive and metastatic tumours11.
Unfortunately, although several groups have extensively reported the existence of certain populations of putative SCs in mouse lungs12-16, our knowledge about lung SCs in humans is still poor17,18.
LGR6+ lung SCs
In the last decade, many epithelial SC markers have been proposed in different epithelial tissues19. In the lung, the undisclosed hierarchical structure of the epithelial SCs still represents a handicap for the validation of biomarkers in order to identify and classify putative lung SCs and CSCs20.
The members of the family of leucine-rich repeat-containing G-protein-coupled Receptors (LGR) have been proposed as specific markers labelling epithelial SCs, with a special relevance of the LGR isoforms 4, 5 and 621. This is a family of membrane proteins involved as regulators for several receptors and in particular it has been described as enhancers of Wnt signaling pathway22. Within the skin, LGR6 was shown to tag a SC population that can differentiate into all tissue-specific cell lineages, including those of the sebaceous gland, hair follicle and interfollicular dermis23. In a similar way, LGR6 has recently been proposed as a lung SCs marker17.
In the human lung, LGR6 positive (LGR6 + ) cells are a subpopulation located in the bronchioalveolar compartment. In vitro, LGR6 + cells showed ability to self-renewal, with unlimited expansion, and the expression of SCs markers (SOX9, LGR5-6, ITGA6). In vivo studies disclosed the potential of these cells to differentiate into several bronchioalveolar mature cell types (Club cells, alveolar type I and II cells), replacing the damaged tissue17. The regenerative process is allowed and regulated by a balanced cross-talk between stem and stromal cells of the lung16. When injected under the kidney capsule, LGR6 + SCs are able to recruit connective and endothelial cell components to the graft, generating a functional SC niche17.
A molecular network involving several cytokines and chemokines (SDF-1, TNFα, TGFβ) coordinates the recruitment of the stromal fibroblasts, that actively participate in the control of SCs differentiation. Within the niche, LGR6 + SCs closer to the fibroblasts remain quiescent and undifferentiated; however, LGR6 + cells that moved away from the niche are prompt to differentiate, producing a bronchioalveolar-like epithelium. The paracrine signals coming from the SCs induce the fibroblasts to release angiogenic molecules (VEGF, , that lead to the recruitment of the endothelial cells. These studies showed that p38α MAPK signalling pathway plays a central role in this fine-tuned cross-talk between stem and stromal cells.
p38α MAPK pathway is a major component in lung tissue homeostasis, collaborating in lung SCs fate decision14. Studies in mice have shown that the activity of this kinase is pivotal for the correct maturation of the alveolar epithelium. p38α induces lung differentiation transcription factors, including C/EBPα and GATA6, and downregulates several others involved in the proliferation of stem and progenitor cells14,24,25. The miR-17-92 cluster is a major mediator of this regulation and its activity is negatively controlled through the transcriptional activation of p53 by the p38α MAPK pathway17. On the other side, miR-19, a member of the miR-17-92 family, targets and knocks-down p38α protein levels14.
Also known as oncomiR-1, the miRNA-17-92 cluster is a pool of oncogenic microRNAs that has been found to be overexpressed in several tumours, including LC. As previously reported, p38α deficiency, or p53 inactivating mutations, lead to an increase in miR17-92 levels (e.g. mir-19), downregulating lung-specific transcription factors and generating cells with higher proliferative capacities26. Disruption in the balance of this network was observed in LGR6 + cancer cells, supporting the SC-like properties of these lung tumour cells.
Although p38α is not considered an oncogene and it is usually not present in gene expression cancer-related databases, we found in the past an increase in the protein levels of this kinase in human lung tumors. Thus, this data suggested that p38α may play a role as adjuvant for specific cancers, contributing to their initiation and/or progression11.
LGR6+ SCs in Human Lung ADC
After the analyses of > 50 NSCLCs, our group has reported new findings regarding the existence of LGR6 + cells in human lung ADCs. Although LGR6 expression was observed in the tumour burden in earlier (I and II) and later (III, IV and metastatic) stages, a stagerelated enrichment in LGR6 + cells was found during cancer development.
In order to assess their stem-like identity and the tumorigenic potential, the molecular profile of sorted LGR6 + tumour cells, from different stages of human lung ADC, was analysed and compared to LGR6 -cancer cells. In both cell populations, lung markers were expressed at similar levels (SP-C, CC-10, MUC5AC) and only the marker AQP5, a known a marker for LC malignancy, was overexpressed in LGR6 + cells, that showed higher tumorigenic and self-renewal potential. The in vitro ability of these cells to produce visible macroscopic colonies was therefore confirmed by angiogenic molecules (VEGF, , that lead to the in vivo studies (LGR6 + cells at stage II), using xenografting recruitment of the endothelial cells. These studies showed that p38α MAPK signalling pathway plays a central role in this fine-tuned cross-talk between stem and stromal cells. experiments in immunodeficient mice. After intravenous injection, newly formed lung tumours arising from human LGR6 + , but not from LGR6 -cells were observed. The detected tumour burdens expressed lung-specific markers, including SP-C and CC-10, and showed only partially LGR6 expression.
One of the proposed hallmarks of CSCs is a larger potential to produce metastasis27. This ability was confirmed in LGR6 + CSCs, that showed stronger expression of stemness (LGR6) and loss of epithelial (E-Cadherin) markers, from early to late stages. In addition, although the expression of alveolar and bronchiolar markers was present in stage I and II ADCs, only marginal expression of SP-C and CC-10 was observed in advanced-stage tumours.
Previous findings regarding the p38α MAPK/miR-17-92 cross-talk were endorsed in ADC. Molecular analysis of the cluster members (mir-17, mir-18, mir-19a, mir-19b, mir-20 and mir-92) confirmed an increased gene expression, during tumour progression. miR-17-92 cluster overexpression was linked to the transcriptional repression of p53, confirmed by strong reduction of p21 mRNA levels. In addition, we found that the reduced protein levels of p38α in late-stage ADC could be accounted to a novel negative-feedback loop with miR-19 that specifically targets the 3'-UTR of p38α.
As in other tissues, in the lung, Wnt signaling is one of the key pathways involved in the regulation of development, SCs maintenance in adults and as well as in tumorigenesis28-30. In the β-catenin dependent (canonical) Wnt pathway, when WNT binds to the FZD receptor, it activates a downstream cascade that leads to the inhibitory phosphorylation of Glycogen Synthase Kinase 3-beta (GSK-3β), allowing the nuclear shuttling of β-catenin30. The translocated β-catenin arranges a complex with members of the TCF/LEF family of transcription factors, resulting in an enhanced expression of Wnt target genes. During lung ADC progression, increased phosphorylation of GSK-3β and massive β-catenin nuclear translocation were observed. At advanced stages, further analyses of the molecular profile of these cells confirmed elevated mRNA levels of the Wnt pathway enhancer LRP6 and specific targets, such as LEF1, TCF4 and AXIN2, as well as a diminished expression of Wnt repressors, including WIF1, GREMLIN, DKK1 and DAB2.
As previously mentioned, LGR6 is a promoter of Wnt receptor signalling, through its interaction with LRP6, amplifying the activation of the pathway. We observed that this takes place in a stage-dependent manner, during tumour progression. Further studies showed that, in LGR6 + cells, p38α deficiency results in an increased inhibition of GSK-3β, that is coupled to higher expression of Wnt target specific genes, suggesting that p38α reduction mediates the enhancement Wnt signalling, during ADC progression, thus promoting the expansion and selection of LGR6 + CSCs.
All these analyses confirmed an existing correlation between the lack of the cellular differentiation, the increased expression of Wnt signalling components and p38α deficiency in LGR6 + cancer cells. From early to late stages, loss of p38α enables the selection of LGR6 + SCs, however still maintaining their self-renewal potential. These changes lead to the formation of tumours with poorly differentiated cell components and high metastatic potential.
Conclusion and future perspectives
In this work, we have unveiled a cellular network (miR-17-92/p38α) with a putative adjuvant role in lung ADC. This network plays a distinct role in the regulation of a lung SC population (LGR6 + ), guiding its differentiation and self-renewal. Disruption of the balance between miR-17-92 cluster and p38α MAPK is more relevant in LGR6 + cells, as it modulates the activity of Wnt signal. These cells are benefited by Wnt enhancement, which promotes a positive selection. As LGR6 + cells present SC features, unbalanced miR-17-92/ p38α means lack of differentiation while stronger self-renewal. As we have shown before, another property of LGR6 + SCs is being able to colonize and expand in different conditions and tissues17. These findings contribute to better understand how lung ADC progression leads to more aggressive cancers and which cell population might be behind the recurrence and resistance to LC therapies. Our work provides new potential cellular and molecular targets that can be used in the earlier detection, prediction and treatment of LC.
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